The cellulosome is a supramolecular multienzyme complex formed by species-specific interactions between the cohesin modules of scaffoldin proteins and the dockerin modules of a wide variety of polysaccharide-degrading enzymes. Cellulosomal enzymes bound to the scaffoldin protein act synergistically to degrade crystalline cellulose. However, there have been few attempts to reconstitute intact cellulosomes due to the difficulty of heterologously expressing full-length scaffoldin proteins. We describe the synthesis of a full-length scaffoldin protein containing nine cohesin modules, CipA; its deletion derivative containing two cohesin modules, ⌬CipA; and three major cellulosomal cellulases, Cel48S, Cel8A, and Cel9K, of the Clostridium thermocellum cellulosome. The proteins were synthesized using a wheat germ cell-free protein synthesis system, and the purified proteins were used to reconstitute cellulosomes. Analysis of the cellulosome assembly using size exclusion chromatography suggested that the dockerin module of the enzymes stoichiometrically bound to the cohesin modules of the scaffoldin protein. The activity profile of the reconstituted cellulosomes indicated that cellulosomes assembled at a CipA/enzyme molar ratio of 1/9 (cohesin/dockerin ‫؍‬ 1/1) and showed maximum synergy (4-fold synergy) for the degradation of crystalline substrate and ϳ2.4-fold-higher synergy for its degradation than minicellulosomes assembled at a ⌬CipA/enzyme molar ratio of 1/2 (cohesin/dockerin ‫؍‬ 1/1). These results suggest that the binding of more enzyme molecules on a single scaffoldin protein results in higher synergy for the degradation of crystalline cellulose and that the stoichiometric assembly of the cellulosome, without excess or insufficient enzyme, is crucial for generating maximum synergy for the degradation of crystalline cellulose.
T
he cellulosome is a supramolecular multienzyme complex composed of a wide variety of polysaccharide-degrading enzymes and structural proteins and is displayed on the cell surface of anaerobic cellulolytic bacteria (1, 2) (Fig. 1) . Clostridium thermocellum is one of the most investigated cellulosome-producing anaerobic bacteria. The formation of C. thermocellum cellulosomes is mediated by two specific interactions. One interaction is between the type I dockerin module at the C termini of polysaccharide-degrading enzymes and the nine internal cohesin modules of the primary scaffoldin protein, and the other interaction is mediated between the type II dockerin module at the C terminus of the primary scaffoldin protein and the internal cohesin modules of the cell surface-displayed secondary scaffoldin protein. The scaffold of the cellulosome complex assembles through the interaction of one primary scaffoldin protein containing nine type I cohesin modules with four different secondary scaffoldin proteins. The genome of C. thermocellum ATCC 27405 contains at least 79 cellulosomal genes, 8 of which encode the cohesin-containing scaffoldin protein while the remaining 71 partly encode the dockerin-containing cellulosomal components. Cellulosomes isolated from C. thermocellum cells grown on different carbon sources have different enzymatic compositions (3, 4) .
The C. thermocellum cellulosomal enzymes Cel48S, Cel8A, and Cel9K were previously identified by proteomic analysis as major enzymatic components of the C. thermocellum cellulosome obtained from cells grown on crystalline cellulose and other cellulosic substrates (3, 4) . The domain organization of these cellulosomal cellulases is shown in Fig. 2A . Cel48S contains a glycoside hydrolase (GH) family 48 (GH48) and a type I dockerin module and is one of the most abundant cellulosomal cellulases in the C. thermocellum cellulosome (3, 4) . Cel48S is classified as a cellobiohydrolase and processively hydrolyzes the cellulose chain from the reducing end (5, 6) . Cel9K, which contains a GH family 9 (GH9), a carbohydrate-binding module (CBM) family 4 (CBM4), and a type I dockerin module, is the major cellulosomal cellulase (3, 4) and is also classified as a cellobiohydrolase (Cel9K may be classified as a processive endoglucanase) but processively hydrolyzes the cellulose chain from the nonreducing end (2, 7) . The third enzyme, Cel8A, contains a GH family 8 (GH8) and a type I dockerin module and is one of the most abundant cellulosomal endoglucanases in the cellulosome (3, 4) . These three enzymes are predicted to degrade crystalline cellulose by synergistic actions between exo-and endomode glucanases: in this model, the Cel8A endoglucanase cleaves cellulose at the internal ␤-1,4-glucosidic bond, and the Cel48S and Cel9K exoglucanases processively hy-drolyze the cellulose chain from the reducing and nonreducing ends, respectively.
The efficient degradation of recalcitrant crystalline cellulose by C. thermocellum is essentially dependent on the formation of a cellulosome complex mediated by the primary scaffoldin protein, CipA (8, 9) . CipA is composed of four different types of modules: a CBM family 3a (CBM3a) that interacts with crystalline cellulose, nine type I cohesin modules that bind to the nine enzyme molecules containing a type I dockerin module, an X module that may participate in CipA dimer formation, and a type II dockerin module at the C terminus for binding the type II cohesin module of the secondary scaffoldin proteins (2) (Fig. 2A) . Although the indispensability of CipA for the rapid degradation of crystalline cellulose by C. thermocellum has been demonstrated (6) , the difficulty of isolating full-length CipA from recombinant Escherichia coli cells has hampered studies on cellulosomes reconstituted from full-length CipA. Genetic instability of the highly repeated DNA sequences encoding cohesins 3 to 8 also complicates the isolation of CipA (10) . Furthermore, studies on cellulosomes face the common problem of the heterologous expression of a large scaffoldin protein. Therefore, most previous studies on cellulosomes focused on minicellulosomes assembled by deletion variants of scaffoldin proteins that contain only two or three cohesin modules. These deletion variants display two or three enzyme molecules (8, (11) (12) (13) , whereas the number of cohesin modules in native cellulosomal scaffoldin proteins is typically between 6 and 11 (1) . These minicellulosomes usually show significantly lower activity toward crystalline cellulose than do native cellulosomes (8, 12, 14) . Thus, elucidating the mechanism responsible for the high activity for crystalline cellulose exhibited by native cellulosomes requires in vitro reconstitution of the cellulosome complexes from their large scaffoldin proteins.
The cellulolytic activity of the in vitro-reconstituted cellulosome, comprising full-length CipA produced by recombinant E. coli cells and the protein mixture secreted from cipA-deficient C. thermocellum cells, has recently been investigated (14) . The reconstituted cellulosome was assembled by assuming that the secreted protein mixture has an average molecular mass of 80 kDa. The assembled cellulosome showed ϳ80% of the activity of the native cellulosome from C. thermocellum toward crystalline cellulose and 12-fold-higher activity than the unassembled protein mixture. Furthermore, the heterologous expression of full-length CipA by the thermophilic anaerobic bacterium Thermoanaerobacterium saccharolyticum has recently been reported (10) . That study demonstrated intercellular complementation of the functional cellulosome with full-length CipA secreted from recombinant T. saccharolyticum cells and the cellulosomal components secreted from cipA-deficient C. thermocellum cells. However, only these two attempts to reconstitute intact cellulosome complexes from recombinant full-length scaffoldin proteins have been reported to date, and there have been few attempts to reconstitute cellulosome complexes from purified components that include recombinant full-length scaffoldin proteins.
It has been reported that a wheat germ cell-free protein synthesis system using purified wheat embryos is suitable for synthesizing a large set of multidomain proteins simultaneously (15) and for producing large multidomain proteins that are difficult to produce using E. coli (15, 16) . Recently, the high-throughput synthesis of the 42 components (excluding CipA) of the C. thermocellum cellulosome using the wheat germ cell-free system was reported (17) . Therefore, while full-length CipA has been produced by recombinant E. coli cells (14) , the wheat germ cell-free system appears to be a promising tool for reconstituting intact cellulosomes from full-length scaffoldin proteins and purified enzymatic components. Here, we report the synthesis of full-length CipA and the major cellulosomal enzymes of the C. thermocellum cellulosome using the wheat germ cell-free system and analysis of the stoichiometric assembly and cellulolytic activities of cellulosome complexes reconstituted from the purified full-length CipA protein and major cellulosomal cellulases.
MATERIALS AND METHODS

Materials.
The genomic DNA of C. thermocellum ATCC 27405 (NBRC 103400) was obtained from the National Institute of Technology and Evaluation, Japan; the nucleotide sequence is publicly available from the National Center for Biotechnology Information database under accession no. NC_009012.1. Plasmid pEUGST-GFP (16) was used as a cassette vector for the construction of pEU derivatives for the cell-free protein synthesis of a glutathione S-transferase (GST) fusion protein, and wheat germ extract was prepared as reported previously (18) . E. coli DH5␣ (TaKaRa, Japan) was used as a cloning host. All PCR primers were synthesized by Greiner Japan and are listed in Table 1 .
DNA substrates for cell-free protein synthesis of GST fusion proteins. Plasmid pMWGST-GFP, a low-copy-number vector for the construction of pMW derivatives for the cell-free protein synthesis of a GST fusion protein, was constructed as follows. A DNA fragment consisting of the 5= untranslated region (UTR)-GST-green fluorescent protein (GFP)-3=UTR region in pEUGST-GFP, which contained the promoter sequence of SP6 RNA polymerase, the omega sequence, the coding region of GST- lulosome is a cell surface-displayed supramolecular multienzyme complex containing a wide variety of polysaccharide-degrading enzymes. The formation of the C. thermocellum cellulosome is mediated by two specific interactions. One interaction is between the type I dockerin module at the C termini of polysaccharide-degrading enzymes and the internal nine cohesin modules of the primary scaffoldin protein, and the other interaction is mediated between the type II dockerin module at the C terminus of the primary scaffoldin protein and the internal cohesin modules of the cell surface-displayed secondary scaffoldin protein. The scaffold of the cellulosome complex assembles through the interaction of one primary scaffoldin protein (CipA, containing nine type I cohesin modules) and four secondary scaffoldin proteins (SdbA, which contains one type II cohesin module; Orf2p, which contains two type II cohesin modules; OlpB, which contains seven type II cohesin modules; and Cthe0736, which contains seven type II cohesin modules). In the diagram, Orf2p is used as a representative secondary scaffoldin protein.
GFP fusion protein, and the 3= UTR of tobacco mosaic virus, was amplified by PCR with primers pEUUSacI-5= and pEUDKpnI-3=. A DNA fragment consisting of a low-copy-number plasmid was PCR amplified from plasmid pMW218 (Nippon Gene, Japan) using primers pMWSacI-3= and pMWKpnI-5=. After digesting the two PCR products with SacI and KpnI, the two DNA fragments were ligated to yield pMWGST-GFP, which was then transformed into DH5␣ cells. Positive transformants were selected on Luria-Bertani (LB) agar plates containing 30 g/ml kanamycin (Km) (LB-Km plates) and incubated at 30°C.
Plasmids pMWGST-CipA and pMWGST-⌬CipA for the cell-free protein syntheses of GST fusion scaffoldin proteins were constructed as follows. The CipA and ⌬CipA genes were PCR amplified from C. thermocellum ATCC 27405 (NBRC 103400) genomic DNA using primers CipANPr5= and CipA-CSt3= and primers CipA-NPr5= and ⌬CipA-CSt3=, respectively. After digestion with BglII and SalI, the amplified DNA fragments were introduced into the BamHI-SalI sites of pMWGST-GFP to exchange the GFP and scaffoldin protein genes, yielding plasmid pMWGST-CipA or pMWGST-⌬CipA; DH5␣ cells were then transformed with either pMWGST-CipA or pMWGST-⌬CipA. Positive transformants were selected on LB-Km plates and incubated at 30°C.
Plasmids pEUGST-Cel48S, pEUGST-Cel8A, and pEUGST-Cel9K for the cell-free protein synthesis of GST fusion cellulosomal cellulases were constructed as follows. The Cel48S, Cel8A, and Cel9K genes were PCR amplified from C. thermocellum genomic DNA using primers Cel48S-NPr5= and Cel48S-CF3=, primers Cel8A-NPr5= and Cel8A-CF3=, and primers Cel9K-NPr5= and Cel9K-CF3=, respectively. A plasmid DNA fragment corresponding to pEUGST was PCR amplified from pEUGST-GFP using primers pEUGST-NPr3= and pEU-C5=. Each cellulase gene and the plasmid DNA fragment was ligated using an In-fusion HD cloning kit (Clontech, Japan) to yield plasmid pEUGST-Cel48S, pEUGST-Cel8A, or pEUGST-Cel9K, which was then transformed into DH5␣ cells. Positive transformants were selected on LB plates containing 50 g/ml ampicillin (Amp) (LB-Amp plates) and incubated at 37°C.
The cellulosomal genes in the pMW and pEU derivatives were sequenced by the dideoxy chain termination method with fluorescent dye terminators (Eurofins Genomics, Japan). However, direct sequencing of the CipA gene in pMWGST-CipA was not possible because the CipA gene contains highly repeated nucleotide sequences encoding cohesins 3 to 8. Therefore, the CipA gene was sequenced as follows, using a modification of the method reported for sequencing the CipA gene in C. thermocellum genomic DNA (19) . The region of the CipA gene in pMWGST-CipA encoding cohesins 3 to 9 was digested with PstI, which cleaves at the center of each cohesin sequence, to yield six ϳ500-bp DNA fragments. Each ϳ500-bp DNA fragment was subcloned into the PstI site of pUC19. The nucleotide sequence of each DNA fragment was confirmed by analysis of the subcloned sequences from 30 positive transformants. The nucleotide sequences of the PstI-digested DNA fragments encoding cohesins 4 and 5 and cohesins 5 and 6 were identical. Therefore, the length of the PCR
FIG 2 Domain organization and SDS-PAGE analysis of the cellulosomal components. (A)
The C. thermocellum cellulosomal scaffoldin protein, CipA, contains nine type I cohesin modules (cohesins 1 to 9), a CBM3a, an X module, and a type II dockerin module. The N-terminal segment of CipA, designated ⌬CipA, contains two type I cohesin modules (cohesins 1 and 2) and a CBM3a. The model complex employed here contained three enzymatic components: Cel48S, a GH48 enzyme; Cel8A, a GH8 enzyme; and Cel9K, a GH9 enzyme that also contains a CBM4 module at its N terminus. All three enzymes contain a type I dockerin module at their C termini. The dockerin module specifically associates with the type I cohesin modules of the scaffoldin protein. Mature scaffoldin and enzymatic components were synthesized in a cell-free system as GST fusion proteins containing a Strep and a FLAG tag, respectively, at the C terminus and then purified by cleavage with PreScission protease in a column. (B) Purified samples were subjected to SDS-PAGE on a 4 to 20% gel and stained with Coomassie brilliant blue. The bands corresponding to the purified proteins are indicated by asterisks. HMM, high molecular mass; LMM, low molecular mass. (C) Purified proteins were detected by Western blotting with anti-Strep or anti-FLAG M2 monoclonal antibody that targeted the C-terminal Strep or FLAG tag of the scaffoldin or enzymatic component, respectively.
product amplified from pMWGST-CipA with primers Cohesin4-5= and Cohesin8-3=, which specifically amplify an ϳ2,500-bp DNA fragment encoding cohesins 4 to 8, was confirmed to rule out the possibility that the CipA gene in pMWGST-CipA contains a deletion within the highly repeated DNA region.
The DNA substrates for cell-free protein synthesis of the GST fusion proteins were PCR amplified from pEUGST fusion derivatives using primers pEUUn and 2pEUDn. PCR was performed for 25 cycles under the following conditions: 96°C for 30 s, 50 or 55°C for 30 s, and 72°C for 60 s/1 kbp with PrimeStar HS or GXL DNA polymerase (TaKaRa), using a TaKaRa Dice TP-650 PCR Thermal Cycler.
Cell-free protein synthesis and purification. Wheat germ cell-free protein synthesis and purification of the GST fusion proteins was performed as described previously (20) . The synthesized fusion proteins were cleaved with PreScission protease in a glutathione-Sepharose 4B MicroSpin column (GE Healthcare, Japan). The flowthrough fraction contained proteins of the predicted sizes for FLAG tag-or Strep tag-fused mature proteins, as revealed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 4 to 20% gradient gels (ATTO, Japan) stained with Coomassie brilliant blue and Western blot analysis using anti-FLAG M2 (Sigma-Aldrich, Japan) or anti-Strep tag (the NWSHPQFEK tag antibody; Gen Script, USA) monoclonal antibody using an ECL Select Detection kit (GE Healthcare). The protein concentration was estimated by densitometric analysis with Image J software (National Institutes of Health, USA) with bovine serum albumin (BSA) as a standard.
Cellulosome assembly. Cellulosomes were assembled using cell-free synthesized proteins as follows. The cellulosome complex was assembled by mixing the scaffoldin and enzymatic components at different molar ratios in buffer A (50 mM sodium acetate, pH 5.5, 2 mM CaCl 2 , 2 mM dithiothreitol, and 0.01% BSA) at 40°C for 30 min. The cohesin-dockerin interaction was analyzed by an electrophoretic mobility shift assay using native PAGE on 4 to 20% gradient gels with Western blot analysis using an anti-FLAG M2 or anti-Strep tag monoclonal antibody. To assay cellulase activity and analyze stoichiometric assembly, the cellulosome complex was assembled by mixing scaffoldin protein at different concentrations with the enzyme mixture at a fixed concentration at a Cel48S/Cel8A/ Cel9K molar ratio of 4.06:1.82:0.72. Stoichiometric assembly of the cellulosome complex was analyzed by size exclusion chromatography. After incubating the cellulosome assembly in buffer A without 0.01% BSA at 40°C for 30 min, the assembled mixture was subsequently applied to a KW404-4F column (4.6-mm diameter by 300-mm length; Shodex, Japan) connected to a Prominence high-performance liquid chromatography (HPLC) system (Shimadzu, Japan) in buffer A without 0.01% BSA at 25°C. The assembled mixture was eluted at a flow rate of 0.35 ml/min and fractionated every minute. The fractions were concentrated using a Nanosep centrifugal device (10-kDa cutoff; Pall Corporation, USA) and assayed using phosphoric acid-swollen cellulose (PASC) as a substrate.
Cellulase assay. The cellulolytic activities of the enzymes and the reconstituted cellulosomes were assayed at 55°C in buffer A, according to procedures described previously (16) . Three assay substrates were used at a final concentration of 5 mg/ml (0.5%): Avicel (Avicel PH-101; SigmaAldrich), PASC prepared from Avicel as described previously (21) , and carboxymethylcellulose (CMC) (Sigma-Aldrich). To assay cellulase activity toward recalcitrant substrates, the incubation time was extended from 30 min to 48 h. The amount of reducing sugars released from the substrate was quantified using 3=5=-dinitrosalicylic acid (DNS) reagent and measuring the absorbance at 535 nm with glucose as a standard (22) . One unit of enzymatic activity was defined as the amount of enzyme producing 1 mol of reducing sugar per minute, and the specific activity was defined as the enzymatic activity per milligram of enzyme. Assays were performed at different concentrations of enzyme to determine if the amount of product increased in proportion to the amount of enzyme.
RESULTS
Cell-free protein synthesis and purification of cellulosomal components. To reconstitute the C. thermocellum cellulosome, we constructed plasmids encoding the full-length scaffoldin protein, CipA; its deletion derivative, ⌬CipA; and the three major enzymatic components, Cel48S, Cel8A, and Cel9K, to synthesize these proteins as GST fusion proteins using a wheat germ cell-free protein synthesis system (Fig. 2) . The CipA gene contains a highly repeated DNA sequence encoding cohesins 3 to 8. The CipA gene is often deleted spontaneously, even in recA-deficient E. coli cells when cloned into a high-copy number plasmid, such as pUCderived pEU plasmid for wheat germ cell-free protein synthesis. Therefore, we constructed a low-copy-number plasmid containing the pSC101 ori for the wheat germ cell-free protein synthesis of GST fusion full-length CipA. The nucleotide sequence of the CipA 
a Recognition sequences of restriction endonucleases used for the construction of plasmids in this study are shown in boldface, and the names of the restriction endonucleases are shown in parentheses following the nucleotide sequences of the primers.
gene in pMWGST-CipA was confirmed by subcloning the highly repeated DNA region encoding cohesins 3 to 9, as described for sequencing of the CipA gene in C. thermocellum genomic DNA (19) . The cell-free synthesized GST fusion proteins were recovered in soluble form, purified by glutathione affinity chromatography, and cleaved to yield the cellulosomal proteins of the predicted sizes. The purified proteins were confirmed by SDS-PAGE ( Fig. 2B) and Western blotting using an antibody against the Cterminal Strep or FLAG tag of the scaffoldin or enzymatic components, respectively (Fig. 2C) . The amount of cellulosomal components purified from 1 ml of translation mixture was between 1 and 10 g. Substrate specificities of cellulosomal enzymes. The substrate specificities of the three major cellulosomal enzymes, Cel48S, Cel8A, and Cel9K, of C. thermocellum were investigated. As shown in Table 2 , Cel8A exhibited the highest activity for CMC, followed by PASC and then crystalline cellulose (Avicel). In contrast, Cel9K exhibited higher activity for PASC, followed by CMC and then Avicel. Cel48S also exhibited higher activity for PASC, followed by Avicel and then CMC. We next investigated the synergistic actions of these enzymes for degrading cellulosic substrates by mixing the enzymes at a Cel48S/Cel8A/Cel9K molar ratio of 4.06:1.82:0.72. This molar ratio was based on the reported ratio of normalized spectral abundance factors (NSAF) of cellulosomal components determined by mass spectrometry analysis of native cellulosome prepared from cells grown on crystalline cellulose (4); the NSAF values of proteins have been used for determining relative protein ratios in a multiprotein complex (23) . The synergies for the degradation of cellulosic substrates generated by mixing these enzymes are shown in Table 2 . The larger synergy observed for the degradation of the more recalcitrant substrates (recalcitrance was in the following order: Avicel Ͼ PASC Ͼ CMC) is explained by the synergy model between exo-and endoglucanases, as is the limited synergy for CMC degradation: endoglucanases efficiently cleave CMC, but cellobiohydrolases cannot processively hydrolyze the CMC chain from the cleavage site.
Stoichiometric assembly of the cellulosome. Before reconstituting the cellulosome complex, we examined whether the cellulosome complex stoichiometrically assembled by interactions between the cohesin and dockerin modules at equimolar concentration. Assembly of the minicellulosome was analyzed by electrophoretic mobility shift assays (Fig. 3A) . Specifically, a fixed concentration of ⌬CipA was mixed with different amounts of each of the three enzymes and then analyzed by native PAGE and Western blotting using an anti-Strep tag antibody that targeted the C-terminal Strep tag of the scaffoldin protein. Here, "⌬CipA/enzyme" denotes the molar ratio of ⌬CipA containing two cohesin modules to the enzyme containing one dockerin module, "CipA/enzyme" denotes the molar ratio of full-length CipA containing nine cohesin modules to the enzyme containing one dockerin module, and "cohesin/dockerin" denotes the molar ratio of the cohesin module to the dockerin module. The results showed that the bands corresponding to the minicellulosome complex converged to a single band when the complexes assembled at a ⌬CipA/enzyme molar ratio of 1/2 (cohesin/dockerin ϭ 1/1), suggesting that in cellulosomes formed at this molar ratio, the minicellulosome complex comprises two cohesin modules of ⌬CipA saturated with enzyme molecules. These results indicated that minicellulosomes comprise two cohesin modules of ⌬CipA displaying two enzyme molecules when the cohesin and dockerin modules are available in stoichiometric (equimolar) amounts during minicellulosome formation. Next, we analyzed the assembly of the cellulosome complex reconstituted from full-length CipA (Fig. 3B) . Bands corresponding to the cellulosome complexes were not observed in the gels. This is likely due to smearing of the bands or the inability of the cellulosome complexes with a high molecular weight to enter the gel, which made it difficult to analyze their stoichiometric assembly. Thus, we next analyzed cellulosome assembly with an anti-FLAG tag antibody that targeted the C-terminal FLAG tag of the enzymes (Fig. 3C) . The bands corresponding to the cellulosome complexes assembled at a CipA/enzyme ratio of 1/2.25 (cohesin/dockerin ϭ 1/0.25) shifted to a low molecular weight compared with the bands corresponding to the complexes assembled at CipA/enzyme ratios of 1/36 and 1/9 (cohesin/dockerin ϭ 1/4 and 1/1), suggesting that the complexes assembled at a CipA/enzyme ratio of 1/2.25 (cohesin/dockerin ϭ 1/0.25), which are predicted to display fewer than nine enzyme molecules, exhibited lower molecular weights than the enzyme-saturated complexes assembled at CipA/enzyme ratios of 1/36 and 1/9 (cohesin/dockerin ϭ 1/4 and 1/1). On the other hand, if the cellulosome complex assembled stoichiometrically, then at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1), the bands corresponding to the unassembled enzymes should disappear and shift to a high-molecular-weight band corresponding to the complex. Surprisingly, the bands corresponding to the unassembled enzymes completely shifted to a higher molecular weight even when the complexes were assembled at a CipA/enzyme ratio of 1/36 (cohesin/dockerin ϭ 1/4); at this ratio, three-quarters of the enzyme was predicted to be in an unassembled form. This shift to apparently higher molecular weight is probably not due to the formation of a nonspecific aggregate with CipA, since CipA alone did not form an aggregate during electrophoresis (i.e., the band corresponding to CipA a The enzymatic activities were determined by measuring the amount of reducing sugars released from the substrate (0.5%), as described in Materials and Methods. Assays were performed at different concentrations of enzyme to determine if the amount of product increased in proportion to the amount of enzyme. The data are presented as the means from the results of two to eight independent experiments. b Cel48S, Cel8A, and Cel9K were mixed at a Cel48S/Cel8A/Cel9K molar ratio of 4.06:1.82:0.72, which corresponds to a weight ratio of 0.67:0.18:0.14. Synergies generated by mixing Cel48S, Cel8A, and Cel9K for the degradation of each substrate are indicated in parentheses.
remained a single band [ Fig. 3B]) . Therefore, these results suggested that the electrophoretic mobility shift assay was not suitable for analyzing the stoichiometric assembly of the cellulosome complex reconstituted from full-length CipA.
To avoid unexpected behavior of the cellulosome complex in the electrophoretic mobility shift assay, we next tried to analyze the stoichiometric assembly of the cellulosome complex by size exclusion chromatography. The cellulosome complexes, assembled by mixing full-length CipA at various concentrations with the mixture of Cel48S, Cel8A, and Cel9K at a fixed concentration, were fractionated by size exclusion chromatography. Because the cellulosome complexes and the unassembled enzymes could not be detected by UV due to their small amounts, we detected them by the activity for PASC substrate; the activity for this substrate was predicted to reflect the amount of the enzyme mixture, because the enzyme mixture synergistically and efficiently hydrolyzed the substrate (Table 2 ) and the cellulosome formation did not substantially affect the activity for the substrate ( Table 3 ). The unassembled enzymes were eluted after 11 min (Fig. 4A) , which was consistent with the elution time corresponding to the molecular masses of the enzymes, ranging from 52 to 100 kDa. In contrast, the mixture assembled at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1), which was predicted to comprise an enzyme-saturated complex displaying nine enzyme molecules, was almost eluted after 6 min (Fig. 4D) , which was consistent with the elution time of Blue Dextran (2,000 kDa), suggesting that the enzymes were sufficiently integrated into the cellulosome complex with a high molecular weight during the incubation at 40°C for 30 min before being subjected to size exclusion chromatography. Furthermore, because the mixtures assembled at a CipA/ enzyme ratio of Ͻ1/9 (cohesin/dockerin Ͻ 1/1) were predicted to comprise a small amount of the enzyme-saturated complex and an excess amount of the free enzymes, successive changes of the elution profiles between the complexes assembled at CipA/enzyme ratios of 0, 1/36, 1/18, and 1/9 (cohesin/dockerin ϭ 0, 1/4, 1/2, and 1/1) (Fig. 4A, B , C, and D) supported the stoichiometric assembly of the cellulosome complex. Therefore, the size exclusion chromatographic analysis demonstrated the stoichiometric assembly of the cellulosome complex reconstituted from fulllength CipA, and the results suggested that the dockerin module of the enzymes stoichiometrically bound to the cohesin modules of full-length CipA.
Cellulolytic activity of the reconstituted cellulosome. To investigate the effect of the stoichiometry of cellulosome assembly on cellulolytic activity, we assembled cellulosome complexes by mixing different concentrations of the scaffoldin protein with fixed concentrations of the three enzymes and then measured the activities toward cellulosic substrates (Fig. 5 and Table 3 ). The activity profile of the minicellulosome complexes reconstituted from ⌬CipA indicated that the complex assembled at a ⌬CipA/ enzyme molar ratio of 1/1 (cohesin/dockerin ϭ 1/0.5) exhibited the highest activity toward Avicel and showed 2.2-fold-higher activity toward Avicel than the unassembled enzyme mixture (Fig.  5A and Table 3 ). This was despite the fact that the enzyme-saturated minicellulosome complex was assembled at a ⌬CipA/enzyme ratio of 1/2 (cohesin/dockerin ϭ 1/1), as confirmed by the electrophoretic mobility shift assay (Fig. 3A) . Moreover, the complex assembled at a ⌬CipA/enzyme ratio of Ͼ1/2 (cohesin/dockerin Ͼ 1/1) was slightly more efficient at Avicel degradation than the complex assembled at a ⌬CipA/enzyme ratio of 1/2 (cohesin/ dockerin ϭ 1/1) ( Table 3 ). This result suggested that the minicellulosome complex displaying only one enzyme molecule, such as the complexes shown in Fig. 6B and C, was slightly more efficient at Avicel degradation than the enzyme-saturated complex shown in Fig. 6A . Since ⌬CipA contains CBM3a, which targets the cellulosome complex to the crystalline substrate (24), these results suggested that the CBM3a-mediated targeting of the minicellulosome complex to the crystalline substrate contributed more to the degradation of the substrate than the synergistic action of the two enzyme molecules on ⌬CipA.
On the other hand, the activity profile of the cellulosome complexes reconstituted from CipA indicated that the complex assembled at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1) exhibited the highest activity toward Avicel of the assembled cellulosomes and 4-fold-higher activity toward Avicel than the unassembled enzyme mixture (Fig. 5B and Table 3 ), whereas its activities for CMC and PASC were similar to those of the unassembled mixture (Table 3) . Analysis of the cellulosome assembly using size exclusion chromatography suggested that the dockerin module of the enzymes stoichiometrically bound to the cohesin modules of CipA (Fig. 4) ; therefore, the complex assembled at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1) was predicted to comprise cellulosome complexes displaying nine enzyme molecules, as shown in Fig. 6E . In contrast, the complexes assembled at CipA/enzyme ratios of Ͻ1/9 (cohesin/dockerin Ͻ 1/1) were predicted to comprise a small amount of enzyme-saturated complex and an excess amount of the free enzyme (Fig. 6D) , and the complexes assembled at CipA/enzyme ratios of Ͼ1/9 (cohesin/ dockerin Ͼ 1/1) would display fewer than nine enzyme molecules (Fig. 6F) . Therefore, these results suggested that stoichiometric cellulosome assembly, without excess or insufficient enzyme, exhibited maximum synergy for the degradation of crystalline cellulose, whereas cellulosome formation was not essential for the degradation of noncrystalline cellulose. Moreover, because the activities of the cellulosome complexes assembled at a CipA/enzyme ratio of Ͼ1/9 (cohesin/dockerin Ͼ 1/1) toward Avicel gradually decreased as the molar ratio of CipA increased (Fig. 5B) , the synergy of the nine enzyme molecules on CipA contributed more to the degradation of crystalline cellulose than the CBM3a-mediated targeting effect. Furthermore, since the cellulosome complex assembled at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1) showed ϳ2.4-fold-greater synergy for the degradation of Avicel than the minicellulosome complex assembled at a ⌬CipA/enzyme ratio of 1/2 (cohesin/dockerin ϭ 1/1) (Table 3 ), it appears that displaying more enzyme molecules on a single scaffoldin protein generates greater synergy for the degradation of crystalline cellulose.
DISCUSSION
Here, we synthesized the full-length scaffoldin protein and the three major enzymatic components of the C. thermocellum cellulosome as GST fusion proteins using a wheat germ cell-free protein synthesis system and purified the proteins by glutathione affinity chromatography (Fig. 2) . The enzymatic properties of the three enzymes, such as optimum pH and temperature and substrate specificity, have been reported (5, 7, 25) . Specifically, Cel8A exhibited the highest activity for CMC, followed by acid-swollen cellulose (ASC) and then crystalline cellulose (Avicel) (25) . In contrast, Cel48S exhibited higher activity for ASC, followed by Avicel and then CMC (5). The specific activities of Cel9K for these substrates have not been reported. As shown in Table 2 , the substrate specificities of the enzymes synthesized by in vitro translation were comparable to the previous findings described above, suggesting that the cell-free synthesized enzymes exhibited enzymatic properties similar to those produced in recombinant E. coli cells, as reported previously (16) . Next, we investigated the stoichiometric assembly of cellulosome complexes reconstituted from the purified full-length CipA and major cellulosomal cellulases ( Fig. 3 and 4) . The stoichiometric assembly of cellulosomes has been suggested by many biochemical analyses of minicellulosome assemblies (11) (12) (13) 26) and structural analyses of cohesindockerin complexes (27) (28) (29) , supporting the view that all native cellulosomes stoichiometrically assemble at a cohesin/dockerin molar ratio of 1/1. However, direct evidence using native cellulosomes or full-length scaffoldin proteins has never been reported. In this study, analysis of the cellulosome assembly using size exclusion chromatography demonstrated the stoichiometric assembly of the cellulosome complex reconstituted from full-length CipA (Fig. 4) , but this could not be confirmed by the electrophoretic mobility shift assay due to unexpected migration of the bands corresponding to the unassembled enzymes on a native PAGE gel (Fig. 3C) . Crystallographic study of the C. thermocellum cohesindockerin complex showed a dual binding mode of the dockerin module to the cohesin module, but this crystallographic study also revealed that two dockerin modules cannot simultaneously bind to one cohesin module (27) , suggesting a strict stoichiometric assembly. Thus, the unexpected migration of the bands may be due to the higher concentration of protein in the native PAGE gel during electrophoresis compared to the concentration of the assembled complex in solution. Size exclusion chromatographic analysis of the reconstituted cellulosomes supported this notion, because the elution profiles of the complexes assembled at a CipA/ enzyme ratio of Ͻ1/9 (cohesin/dockerin Ͻ 1/1) indicated that the unassembled enzymes did not associate with the high-molecularmass complex in the elution buffer ( Fig. 4B and C) . One possible explanation for the unexpected behavior of the unassembled enzymes on native PAGE gels is as follows. Both type I and type II cohesin-dockerin interactions exhibited high affinity, with a dissociation constant of Ͻ10 Ϫ9 M (30, 31) . However, it has been reported that CipA on the cell surface localized by the type II cohesin-dockerin interaction can be replaced by free type II dockerin-containing proteins, suggesting that dockerin exchange occurs (32) . Therefore, it is predicted that assembled enzymes can be replaced with a high concentration of free enzymes. If dockerin exchange occurs in the gel at high frequency during electrophoresis, it may retard the migration of bands corresponding to the unassembled enzymes. Dockerin exchange is also predicted to occur in the minicellulosome complex. However, the reduced number of cohesin modules in the minicellulosome complex may prevent decreased band mobility caused by dockerin exchange in the gel. The complexes were assembled at CipA/enzyme molar ratios of 0 (cohesin/ dockerin ϭ 0) (A), 1/36 (cohesin/dockerin ϭ 1/4) (B), 1/18 (cohesion/dockerin ϭ 1/2) (C), and 1/9 (cohesin/dockerin ϭ 1/1) (D). The enzymatic activity was determined by measuring the amount of reducing sugars released from 0.5% PASC. The molecular mass markers (2,000-kDa Blue Dextran, 669-kDa thyroglobulin, 440-kDa ferritin, 158-kDa aldolase, and 75-kDa conalbumin) are indicated. The activity profiles of the minicellulosome and cellulosome complexes suggested that displaying more enzyme molecules on a single scaffoldin protein generates more synergy for the degradation of crystalline cellulose and that the generated synergy contributes more to the degradation of crystalline cellulose than the CBM3a-mediated targeting effect. This conclusion is consistent with that of a previous study on the reconstituted cellulosome (14) . In the paper by Krauss et al., the cellulosome reconstituted from full-length CipA was stoichiometrically assembled by assuming that the unassembled enzyme mixture had an average molecular mass of 80 kDa. This reconstituted cellulosome exhibited 12-fold-higher activity for Avicel than the unassembled enzyme mixture secreted from cipA-deficient C. thermocellum cells. In contrast, in the current study, the cellulosome complex stoichiometrically assembled at a CipA/enzyme molar ratio of 1/9 (cohesin/dockerin ϭ 1/1) exhibited 4-fold-higher activity for Avicel than the unassembled enzyme mixture (Table 3 ). Thus, these two different in vitro-reconstituted cellulosomes exhibited different synergies for Avicel degradation (12-versus 4-fold synergy). Because the enzyme mixture prepared from cipA-deficient C. thermocellum cells contains a larger variety of cellulosomal cellulases, in addition to noncellulosomal cellulases, such as Cel9I and Cel48Y (33), the 3-fold difference in the observed synergy may be attributable to the difference in the variety of enzymatic components in the cellulosome complex (Ͻ70 versus 3 components). These findings are also supported by previous results showing that a mixture of C. cellulolyticum cellulosome complexes with different enzymatic compositions, separated by anion-exchange chromatography, synergistically acted to degrade Avicel (34) . Furthermore, it is estimated that the activity for Avicel of the purified C. thermocellum cellulosome comprising a large variety of cellulosomal cellulases, reported by Krauss et al. (14) , is ϳ7-fold higher than that of the cellulosome complex comprising three enzymes reconstituted in this study (0.19 versus 0.026 U/mg). Taken together, these results suggest that the inclusion of a larger variety of enzymatic components in a cellulosome may generate more synergy and exhibit greater activity for the degradation of crystalline cellulose.
The mechanisms by which cellulosomes are assembled by various anaerobic bacteria have been investigated. The cellulosomal components are generally thought to bind randomly to each cohesin module in the scaffoldin protein. For example, C. thermocellum CipA contains nine cohesin modules with roughly four sequence diversities: the amino acid sequences of cohesins 3 to 8 are almost identical, but those of cohesins 1, 2, 3 to 8, and 9 are dissimilar. However, the cellulosomal components of C. thermocellum indiscriminately bound to recombinant cohesins 1 and 6 (14) and to cohesins 2 and 3 (35) , even though the sequences of In contrast, the cellulosome complex assembled at a CipA/enzyme ratio of 1/18 (cohesin/dockerin ϭ 1/2) is predicted to comprise an enzyme-saturated complex displaying nine enzyme molecules and the free enzymes. (E) The complex assembled at a CipA/enzyme ratio of 1/9 (cohesin/dockerin ϭ 1/1) is predicted to comprise the enzyme-saturated complex. (F) The complex assembled at a CipA/enzyme ratio of 1/4.5 (cohesin/dockerin ϭ 1/0.5) is predicted to display fewer than nine enzyme molecules. each cohesin pair are dissimilar. This indiscriminate binding was demonstrated by SDS-PAGE analysis of the cohesin-binding fractions of the whole cellulosomal components. However, nonrandomized integration of cellulosomal enzymes into a scaffoldin protein was recently proposed based on the results of electrophoretic mobility shift assays of the assembly of an artificial minicellulosome (36) . These data suggested that preferential binding of cellulosomal enzymes to the cohesin modules did not result from slight differences in the binding affinity between the cohesin and dockerin modules, but rather, resulted from differences in the length of the intercohesin linker: a shorter intercohesin linker promoted preferential binding. Furthermore, computational simulations of the C. thermocellum cellulosome assembled with three cellulosomal enzymes (Cbh9A, Cel5B, and Cel48S) suggested that large multimodular enzymes (Cbh9A) may bind more frequently to CipA than smaller, single-modular enzymes (Cel5B or Cel48S) (37) . Because CipA contains intercohesin linkers of various lengths and the three enzymes used in this study have different modular structures ( Fig. 2A) , these enzymes may also bind preferentially to certain cohesin modules in CipA. If so, this preferential binding may affect the ratio of these enzymes displayed on one CipA molecule (Cel48S/Cel8A/Cel9K ϭ 5.5:2.5:1.0), estimated by assuming that these enzymes indiscriminately bind to the nine cohesin modules in CipA with similar binding affinities. However, it seems that this preferential binding does not affect the conclusion of this study, i.e., that the stoichiometric assembly of the cellulosome is crucial for generating maximum synergy for the degradation of crystalline cellulose. Further studies on cellulosome assembly using full-length CipA may provide a clue to solving the puzzle of cellulosome formation.
